Thunderstorm outflows are usually analysed by decomposing their horizontal velocity into a slowly-varying mean part and a residual fluctuation; in this framework the wind direction is often examined qualitatively but disregarded quantitatively. This is incoherent with the traditional analysis of synoptic wind speeds, where the mean velocity and direction are first determined, then the fluctuations are decomposed in terms of longitudinal and lateral turbulence components. Aiming to overcome these shortcomings, a novel directional decomposition strategy is formulated here, which makes the study of thunderstorm outflows and synoptic winds fully coherent. The results provided by the classic and novel decomposition rules are first compared and elucidated with reference to a couple of real thunderstorm and synoptic wind velocity records. Later on, they are applied to a broad class of thunderstorm outflow records whose statistical properties are investigated. The novel approach is strategic to carry out directional analyses of the dynamic behaviour of structures in terms of alongwind and crosswind response.
Introduction
The constitutive deed of wind engineering is usually identified with a paper in which Davenport (1961) embedded the fundamentals of meteorology, micrometeorology, climatology, aerodynamics and structural dynamics into a homogeneous framework of the wind loading of structures now recognised as "Davenport chain". In such a context, the wind model conceived by Davenport as the first ring of his chain refers to an extra-tropical cyclone at the synoptic scale. In addition, thanks to the principles introduced by Van der Hoven (1957) , the wind speed is expressed as the sum of a mean part, related to the macro-meteorological peak, and of a residual fluctuation of turbulent nature, corresponding to the micro-meteorological peak.
Accordingly, within time intervals belonging to the spectral gap that separates the two peaks, namely in the range between 10 min and 1 h, the mean wind velocity and its direction are assumed as constant whereas the turbulent fluctuation is dealt with as a stationary Gaussian random process. In addition, turbulence is decomposed in terms of a longitudinal component, aligned with the mean wind velocity, a lateral component, orthogonal to the mean wind velocity and parallel to the ground, and a vertical component. Among many other advantages, this model facilitates the classical analysis of the structural behaviour in terms of its alongwind and crosswind (lateral and/or vertical) response (e.g. Piccardo and Solari, 2000) .
With the passing of time wind engineering has dedicated more and more interest to the topic of mixed climate (Gomes and Vickery, 1977/1978) , namely the study of climatic conditions in which the wind can manifest itself in multiple forms such as extra-tropical and tropical cyclones, monsoons, tornadoes, thunderstorm downbursts and downslope winds. For each of these phenomena, ever more detailed models have been developed. In this framework, great attention has been dedicated to downbursts ( Fig. 1 ) and to their actions and effects on structures Solari, 2014) . They are transient events at the mesoscale that frequently cause wind speeds greater than those due to synoptic cyclones (Fujita, 1985; Lombardo et al., 2014; Zhang et al., 2018b) . The scale of these phenomena and their non-stationary character make the application of the principles enunciated by Van der Hoven (1957) and the separation of the wind speed into a mean value and a residual fluctuation quite problematic.
The first analytical models of the thunderstorm wind velocity applied fluid dynamic laws to stationary flows in order to obtain simple analytical expressions, independent of time, of the vertical and radial components of the wind velocity. This led to the formulation of the impinging wall jet (Oseguera and Bowles, 1988; Vicroy, 1991) and vortex ring (Zhu and Etkin, 1985; Ivan, 1986; Schultz, 1990; Vicroy, 1992) models. Holmes and Oliver (2000) applied the impinging wall jet model by expressing the radial component of the wind velocity as a function of the distance from the jet axis and of the time; they also expressed the horizontal velocity as the vector summation of the stationary radial outflow velocity and of the translational velocity of the thunderstorm cell.
A turning point occurred when Choi and Hidayat (2002) expressed the horizontal component of the wind velocity as the sum of its slowly-varying mean part, averaged on a suitable moving average period, plus a residual fluctuation. This approach was developed later by Chen and Letchford (2004a , 2004b , Chay et al. (2006) , Riera (2007, 2010) , Holmes et al. (2008) , and Huang et al. (2015) , who expressed the slowly-varying mean wind velocity as the product of a function depending on space, provided by the previous time-independent analytical models (Oseguera and Bowles, 1988; Zhu and Etkin, 1985; Ivan, 1986; Vicroy, 1992) , by a slowly-varying function of time. The fluctuation, dealt with as non-stationary, was given by the product of its slowly-varying standard deviation by a random stationary Gaussian process with zero mean and unit standard deviation.
A relevant part of this research activity focused on how to separate the slowly-varying mean wind velocity from the residual fluctuation without availing of a clear spectral gap. In this framework, the slowly-varying mean wind velocity has been extracted by means of wavelets, empirical mode decomposition and kernel regression (Chen and Letchford, 2007; McCullough et al., 2014; Su et al., 2015) or, more easily, by a moving average filter (Choi and Hidayat, 2002) , around which a huge discussion occurred on the most suitable choice of the moving average period (Choi and Hidayat, 2002; Chen and Letchford, 2005, 2006; Holmes et al., 2008; Orwig and Schroeder, 2007; Riera and Ponte, 2012; Lombardo et al., 2014; Solari et al., 2015a) .
Very strangely, instead, nobody discussed, at authors' knowledge, a couple of relevant shortcomings involved by the classical decomposition rule rapidly become a sort of axiom. First of all, even if many papers provided a clear discussion on the sudden and large changes frequently exhibited by the wind direction in the course of thunderstorm outflows (Choi, 2000; Holmes et al., 2008; De Gaetano et al., 2014) , the wind direction remained outside the decomposition rule from a quantitative viewpoint. In addition, in a totally different way from the classic analysis of synoptic winds, no decomposition was applied to separate the longitudinal turbulence from the lateral one. These aspects created at least three main shortcomings.
First, they caused a deep difference between the study of synoptic and thunderstorm wind speeds, making quite questionable any comparison between the properties of these two phenomena. Second, they oriented the literature on the dynamic response of structures to thunderstorm outflows towards the implicit assumption that the response occurred in the alongwind direction (Choi and Hidayat, 2002; Chen and Letchford, 2004b; Chen, 2008; Kwon and Kareem, 2009; Huang et al., 2013; Solari et al., 2015b; Solari, 2016; Solari et al., 2017; Solari and De Gaetano, 2018; Peng et al., 2018) , precluding any chance to separate the alongwind response from the crosswind one, as it is classical, and, even more, to take into account the changes of the angle of attack jointly due to the turbulent fluctuations and to the rapid changes of the wind direction. Third, they did not provide any element to robustly take into account the change of direction in at least two relevant problems: the increase of the speed in thunderstorm outflows due to downburst translation and background flow (Miguel et al., 2018) and the reconstruction of these events through evolutionary models based on measurements and simulations (Abd-Elaal et al., 2013) . To overcome these shortcomings, a novel directional decomposition strategy of the wind speed is herein formulated that opens the doors to a robust comparison and parallel analyses of thunderstorm outflows and synoptic winds in terms of wind speed, wind loading and structural response. It also makes possible an appropriate treatment of all the problems in which the change of direction plays a significant role. This strategy is applied, in the framework of the ERC (European Research Council) Project THUNDERR (www.thunderr.eu), to the anemometric records detected during two previous European Projects, "Wind and Ports" and "Wind, Ports and Sea" (Repetto et al., 2018) .
Section 2 illustrates the main properties of the wind monitoring network and the dataset of thunderstorm outflows used for this study. Section 3 and 4 describe the classical decomposition rules commonly applied to synoptic and thunderstorm outflows, respectively, elucidating their properties through inspecting two typical recordings. Section 5 introduces the new directional decomposition rule and compares it with the classical ones using as a reference the typical recordings analysed in the previous two sections. Section 6 analyses an extensive set of thunderstorm outflow recordings using both the classical and the novel strategy in a statistical environment. Section 7 points out the main conclusions and draws some prospects for future research.
Wind monitoring network and thunderstorm outflow dataset
"Wind and Ports" (WP) and "Wind, Ports and Sea" (WPS) (Repetto et al., 2018) were two projects financed by the European Cross-border program "Italy-France Maritime 2007-2013" in order to establish the safe and operational management of the main commercial seaports of the High Tyrrhenian areas during intense wind events.
One of the objectives of the WP and WPS Projects was the realization of a wind monitoring network in the port areas of Genoa, Livorno, Savona and Vado Ligure, La Spezia, Bastia and L'Île-Rousse. During the WP Project, 23 ultra-sonic anemometers were installed. Later on, during the WPS Project, the network was enlarged by means of 3 LiDAR (Light Fig. 1 . Thunderstorm downburst: structure of the outflow at maximum intensity and schematic view of its main features (after Hjelmfelt, 1988) . Fig. 2 . WP and WPS wind monitoring network (Repetto et al., 2018) .
Detection And Ranging) wind profilers and 3 weather stations, each one including an additional ultra-sonic anemometer, a barometer, a thermometer and a hygrometer. Moreover, 5 ultra-sonic anemometers were mounted in the port areas of Savona, La Spezia, Livorno and L'Île Rousse. Fig. 2 shows the current network composition. Beside its original institutional purpose, it provides a unique opportunity to detect high resolution thunderstorm records and study their dominant properties (Solari, 2014) . The position of the anemometers was chosen in order to cover homogeneously the port areas and register undisturbed wind velocity histories. The instruments were generally mounted on high-rise towers or on antenna masts at the top of buildings, paying attention to avoid local effects that could contaminate the measurements. The height h of the anemometers varies from 10 m to 84 m above the ground level (AGL). Their sampling rate is 10 Hz, with the exception of the sensors installed in the Ports of Bastia and L'Île-Rousse whose sampling rate is 2 Hz.
The anemometric data, measured with a precision of 0.01 m/s, are stored in terms of their components ðV X ; V Y Þ for bi-axial anemometers or ðV X ; V Y ; V Z Þ for three-axial anemometers, according to the geophysical coordinate system (Fig. 3a) , where V X is directed from West to East, V Y from South to North, and V Z is vertical and positive upwards.
Focusing on the horizontal components of the wind speed ðV X ; V Y Þ, they can also be expressed in terms of the resultant wind speed U and the wind direction α (Fig. 3b) :
where α 2 ½0 : 360 is a clockwise directional angle, computed from Y (North), referred to the geographical notation commonly used in atmospheric sciences, γ 2 ½0 : 360 is an anti-clockwise directional angle, computed from X (East), frequently used in wind engineering. A set of local servers placed in each Port Authority headquarter receives the data acquired by the anemometers in their own port area and automatically transfers the raw data stored in 10-min long files to a central server at the Department of Civil, Chemical and Environmental Engineering (DICCA) of the University of Genova.
Coherently with the modern trends for mixed wind climates (Gomes and Vickery, 1977/1978; Kasperski, 2002; Lombardo et al., 2009; Solari, 2014) , Solari et al. (2015a) analysed the data provided by 9 ultra-sonic anemometers in the period 2011-2012 to extract and separate sub-datasets collecting intense wind events related to different phenomena, i.e. extra-tropical cyclones, thunderstorm outflows and intermediate events. According to the criteria described by De Gaetano et al.
(2014), this analysis led to extract 93 strongly non-stationary records that were traced back to convective conditions and thunderstorm outflows. Zhang et al. (2018a) extended this study to the data recorded by 14 ultra-sonic anemometers, including the 9 ones previously studied, in the period 2010-2016. This new analysis led to the extraction of 277 strongly non-stationary records that, likewise and better than the previous ones, were initially traced back to convective conditions and thunderstorm outflows. In this regard, such records were separated into 3 families depending on whether the presence of an evident peak was clear over 10-min, 1-h or 10-h periods; this aspect reflects on the passage duration of the gust front.
Subsequent investigations aiming to interpret the weather scenarios in which transient events occur (Burlando et al., 2017 clarified that the records whose peak is clear only over 10-h periods, initially misclassified as potential thunderstorms, should be more likely catalogued as rapidly evolving extra-tropical cyclones. In this paper, only the 141 records related to the 10-min family are used (Table 1) to elucidate the new directional decomposition rule and compare the properties of thunderstorm outflows evaluated by the new rule and the classical one (Zhang et al., 2018a) .
A dominant property of the above dataset and of the following estimates is the large number of thunderstorm records detected and gathered in order to carry out statistical analyses of their main parameters. Approaching this issue with the same spirit usually adopted for synoptic wind speeds (Solari and Piccardo, 2001) , this is possible by reducing the extraction threshold (here, thunderstorm outflows with peak wind speed Table 1 Main properties of the ultrasonic anemometers examined and number of thunderstorm records (NTR) selected (Zhang et al., 2018a above 15 m/s) and processing data through suitable non-dimensional quantities. The alternative, not used herein, is increasing the extraction threshold and studying intense thunderstorm scenarios without any probabilistic interpretation. On passing the time and increasing the number of records, it will be possible to process thunderstorm outflows in a probabilistic environment that takes the wind speed into account. In the meanwhile, based on 7 years of recordings, the highest peak wind speed of the measured thunderstorm outflows reached 34 m/s, with a return period around 10 years (Zhang et al., 2018b) . The wind speed of transient events exceeds the one of synoptic winds for return periods above 1-5 years.
Classical decomposition for synoptic winds
Adopting the classical decomposition rule for synoptic phenomena, the two horizontal components of the wind speed are usually expressed as ( Fig. 4a) :
where t2 Based upon Eq. (2) the mean wind velocity and its direction are given by ( Fig. 4a ):
where α; β 2 ½0 : 360. Accordingly, V ' X and V ' Y are projected onto a new Cartesian reference system (x, y), where the x-axis coincides with the direction of the mean wind velocity u and is rotated β with respect to the fixed X-axis. Thus ( Fig. 4b) :
where u ' and v ' are the longitudinal and lateral turbulent components. Eq. (4) can also be re-written as:
where σ u and σ v are the standard deviations of u
are the reduced longitudinal and lateral turbulence components. The latter terms are usually modelled as un-correlated stationary Gaussian random processes with zero mean and unit standard deviation (Solari and Piccardo, 2001 ). Thanks to Eqs. (3)- (5) the longitudinal and lateral components of the wind velocity can be expressed as: (2) to (4) to a typical synoptic extra-tropical cyclone.
where I u and I v are the longitudinal and lateral turbulence intensities:
Literature is usual to assign I v =I u ¼ 0:75 (Solari and Piccardo, 2001 ). Finally, the gust factor is expressed as:
where b u is the peak longitudinal velocity defined here as the maximum longitudinal wind velocity averaged over a τ ¼ 1-s period. It is worth noting, however, that having determined the mean wind velocity over ΔT, the residual fluctuations contain harmonic contents both in the low-frequency range (slowly-varying long waves) and in the high-frequency range (rapidly-varying short oscillations).
Classical decomposition for thunderstorm outflows
Let us consider the horizontal components of the wind velocity U and its direction γ or α as defined by Eq. (1) and Fig. 3b . It is worth noticing that most papers dealing with thunderstorm outflows provide diagrams of both the U and γ or α time-histories (Choi, 2000; Holmes et al., 2008; De Gaetano et al., 2014) . However, while the velocity is later analysed in detail as described hereinafter, the direction is considered only on a qualitative level. Under this point of view, as an example, most research carried out on the dynamic response of structures to thunderstorm outflows (Choi and Hidayat, 2002; Chen and Letchford, 2004b; Chen, 2008; Kwon and Kareem, 2009; Solari et al., 2015b; Solari, 2016; Solari et al., 2017; Solari and De Gaetano, 2018) implicitly deals with a sort of alongwind response, disregarding the fact that the wind direction often varies rapidly and thus produces alongwind and crosswind vibrations.
Based on this premise, as it is classical, let us express the wind velocity U of a thunderstorm outflow by the relationship (Fig. 6 ):
where U is the slowly-varying mean wind velocity extracted here by a running-mean filter with a moving average period T ¼ 30 s, whereas U ' is the residual turbulent fluctuation expressed as: (18)- (22) to the thunderstorm outflow examined in Section4. Fig. 11 . Application of Eqs. (17)- (22) to the synoptic extra-tropical cyclone examined in Section 3. 
where σ U is the slowly-varying standard deviation of U ' ,Ũ ' is the reduced turbulent fluctuation. This latter quantity is usually modelled as a stationary Gaussian random process with zero mean and unit standard deviation (Chen and Letchford, 2004a; Holmes et al., 2008; Solari et al., 2015a) . Replacing Eq. (10) into Eq. (9), the wind velocity U results:
where:
is the slowly-varying turbulence intensity.
Let us now express the slowly-varying mean wind velocity and turbulence intensity as:
where U max is the maximum value of U whereas γ U is a non-dimensional function of t that describes the slow variation of U, being γ U;max ¼ 1; I U is the mean value of I U over ΔT whereas μ U is a non-dimensional function of t that describes the slow variation of I U , being μ U ¼ 1.
Replacing Eqs. (13) and (14) into Eq. (11) the wind velocity may be re-written as:
Finally, the gust factor is expressed as:
where b U is the peak wind velocity (τ ¼ 1 s). It is apparent that the above expressions are different from those described in Section 3 not only because they disregard the wind direction. On assuming T ¼ ΔT, namely on identifying the moving average period with the 10-min average period traditionally used for synoptic winds, the model of the thunderstorm outflow depicted above does not provide the classical model of the synoptic wind, where the horizontal turbulent fluctuation is expressed in terms of its longitudinal and lateral components. (12) to the same recording. The maximum value of the slowly-varying mean wind velocity is U max ¼ 26.86 m/s. The slowly-varying turbulence intensity has a mean value I U ¼ 0.121; it exhibits a quite unusual decreasing trend. The reduced turbulent fluctuation has nearly zero mean and unit standard deviation; its skewness is γ U ¼ 0.120 while its kurtosis is κ U ¼ 2.895. As it is classical, the wind direction is no longer considered. 
Novel directional decomposition
In order to overcome the above shortcomings and make the decomposition rule for thunderstorm outflows (Section 4) fully coherent with the one adopted for synoptic phenomena (Section 3), a novel decomposition strategy is herein formulated in which the variation of the wind direction is explicitly taken into account. In this framework, independently of whether the Aeolian phenomenon under examination is a synoptic event or a thunderstorm outflow, the two horizontal components of the wind speed are expressed as (Fig. 4a) :
where V X and V Y are the slowly-varying mean wind velocity components extracted here by a running-mean filter with a moving average period T ¼ 30 s, whereas V ' X and V ' Y are the residual turbulent fluctuations. It is worth noticing that Eq. (17) identifies with Eq. (2) with the sole difference that the mean wind velocity components depend on time. The same property applies to the following equations in a generalised sense. Adopting this principle Fig. 4 can be retained as the reference scheme also for this section.
Based upon Eq. (17) the slowly-varying mean wind velocity and its slowly varying mean wind direction are given by (Fig. 4a) : Y are projected onto a new Cartesian reference system (x, y), where the x-axis coincides with the direction of u ¼ uðtÞ and is rotated β ¼ βðtÞ with respect to the fixed Xaxis. Thus (Fig. 4b) : (18)- (20) the longitudinal and lateral components of the wind velocity can be expressed as:
where I u and I v are the slowly-varying longitudinal and lateral turbulence intensities:
Eqs. (17)- (22) represent a full generalization of Eqs. (2)-(7) with the key remark that the mean quantities, the standards deviations and the turbulence intensities are now slowly-varying function of time as well as the direction of the mean wind speed. It follows that the longitudinal and lateral turbulence components of the wind velocity are aligned with a couple axes (x, y) whose direction is a slowly-varying function of time.
Likewise Eqs. (13) and (14), the slowly-varying mean wind speed and the slowly-varying turbulence intensities can be expressed as:
where u max is the maximum value of u whereas γ u is a non-dimensional function of t that describes the slow variation of u, being γ u;max ¼ 1;
I u and I v are the mean values of I u and I v in ΔT, whereas μ u and μ v are nondimensional functions of t that describe the slow variation of I u and I v ,
In a similar way to Eq. (15), replacing Eqs. (23) and (24) into Eq. (21) the longitudinal and lateral components of the wind velocity may be rewritten as:
Finally, the gust factor is expressed by the relationship:
where b u is the peak longitudinal velocity (τ ¼ 1 s). It is worth noting that, on assuming T ¼ ΔT, namely identifying the moving average period with the 10-min average period, this model provides the classical model for synoptic wind speeds as a particular case.
In this case, u, σ u , σ v , I u and I v are constant quantities whereas u max ¼ u, 
Statistical properties of the thunderstorm outflows
Having available 141 thunderstorm outflow recordings involving rapid variations in speed and often in direction, each of them has been first decomposed into component signals whose properties have been examined; this operation has been carried out by means of the classical (Section 4) and novel (Section 5) rule. Subsequently, these properties have been analysed as a whole in statistical form. Finally, the results are compared and discussed. In this framework, the prosecution of this section deals with the slowly-varying mean wind speed (Section 6.1) and direction (6.2), the turbulence intensity (Section 6.3), the reduced turbulent fluctuations (Section 6.4), their integral length scales (Section 6.5) and power spectral densities (Section 6.6), the turbulence intensity modulation (Section 6.7) and the gust factor (Section 6.8). It is worth noticing that the application of the classical method may involve some slight differences respect to the results obtained by Zhang et al. (2018a) and even more by Solari et al. (2015a) ; this happens because, on passing the time, the data and dataset have been progressively improved. 
Slowly-varying mean wind velocity
The comparison between the slowly-varying mean wind velocity evaluated by means of the classical, U max , and directional, u max , decomposition rules proves that they are, on average, very close to each other: the average value of their ratios over the ensemble of the analysed records is < u max =U max > ¼ 0.99. Fig. 12 shows the average value of the non-dimensional functions γ U ðtÞ (Eq. (13), black solid line) and γ u ðtÞ (Eq.
(23), blue dashed line) over all the thunderstorm outflow records investigated; they are characterised by a prominent peak that sums up the essential features of the sudden ramp-up and slow-down of the wind speed corresponding to the passage of a gust front. It is apparent that the classical decomposition rule and the new directional one provide almost overlapped results in proximity of the peak whereas small differences occur on the tails. 
Slowly-varying mean wind direction
According to the classical decomposition rule, the wind direction of the thunderstorm outflows is usually examined qualitatively, but later disregarded quantitatively. This unavoidably leads to consider the wind direction, more or less implicitly, as invariant with time. The dominant property of the new decomposition strategy is its ability to extract and embed the slowly-varying mean wind direction α or β (Eq. (18)) within the wind velocity model. This fact is relevant because, when a thunderstorm outflow occurs, the slowly-varying mean wind direction often changes suddenly, and the rate of this change depends on the translation of the thunderstorm cell with respect to the anemometer that registers the record as well as on the background wind speed -namely the wind speed associated with the synoptic weather condition in which the thunderstorm takes placebefore and after the downburst, which in principle could be different from each other. This situation may make difficult to distinguish between the rate of change due to the thunderstorm outflow alone and the rate of change that occurs due to the evolution of the weather conditions.
The examination of the slowly-varying mean wind direction of the thunderstorm outflow records considered here depicts complex and varied trends that make anything but simple to classify these phenomena according to their shift in wind direction.
Figs. 13 and 14 show two examples of thunderstorm outflows during which the background wind velocity is almost unchanged before and after the gust front passage; this can happen, as an instance, during fair weather conditions, when some forcing mechanism triggers the formation of a deep convective cell. In both cases the sudden jump of the slowly-varying mean wind velocity is accompanied by a relevant change of the slowly-varying mean wind direction. During the event depicted in Fig. 13 the slowly-varying mean wind direction exhibits a rotation around 120
, which mainly occurs before the peak wind speed.
Conversely, the event depicted in Fig. 14 gives rise to a wind rotation around 60 before the peak wind speed; after such peak, the wind rotation continues clockwise to complete a full angle. Table 2 implements a pair of conventional attempts to quantify the rate of change of the slowly-varying mean wind direction, Δα, by providing the number of events characterised by different ranges of this quantity. In the column referred to as Method 1, Δα ¼ Δα 1 corresponds to the maximum shift of the wind direction in the 10-min period centred around the peak wind speed. In the column referred to as Method 2, Δα ¼ Δα 2 corresponds to the maximum shift of the wind direction in the 5-min period preceding the peak wind speed. According to Method 1, most of the examined events (90%) has a rate of change Δα 1 in the range from 0 to 180 deg. According to Method 2, most of the examined events (90%) has a rate of change Δα 2 in the range from 0 to 90 deg. Moreover, it has been verified that most of the shift of the slowly-varying mean wind direction occurs during the ramp-up phase of the wind speed that characterises the passage of the gust front. Fig. 15a shows the peak wind speed b U as a function of the direction shift Δα 1 . Three remarks stand out: 1) none of the examined events is characterised by Δα 1 < 15 , which corresponds to nearly straight winds;
2) a limited amount of events, 15%, involves Δα 1 > 135 ; none of them exceeds the peak wind speed b U ¼ 25 m/s; thus, they correspond to rather weak winds; 3) the largest amount of events, 85%, falls in the range This matter deserves further studies with a prominent focus on separating the wind speed components related to the downdraft, to the background flow into which it is embedded and to the translational speed of the thunderstorm cell (Asano et al., 2019; Romanic et al., 2019) , recognizing the interactions between the different components of the wind speed.
Turbulence intensity
As described in Sections 4 and 5, the longitudinal and lateral slowlyvarying turbulence intensities, I u and I v , can be extracted by means of the directional decomposition rule through Eq. (22) whereas the turbulent intensity based on the classical method, I U , can be evaluated by Eq. (12). It is worth noting that in some cases the turbulent intensity time-histories exhibit abnormal large values and even sharp peaks in correspondence of very small values of the slowly-varying mean wind velocity, sometimes tending to zero. In this study, differently from the previous ones (Solari et al., 2015a; Zhang et al., 2018a) , large turbulence intensities (greater than 0.2) related to small slowly-varying mean wind velocities (less than 5 m/s) have been disregarded. Table 3 shows the average values and the coefficients of variation (cov) of I U , I u and I v corresponding to the thunderstorm outflows investigated. The ensemble values, shown in the last row, exhibit some relevant properties. First, the I U and I u values are very similar; thus the turbulence intensity evaluated by the classical decomposition rule closely approximates the longitudinal turbulence intensity extracted through the new rule. Second, differently from classical analyses carried out for synoptic winds, the I u and I v values related to thunderstorm outflows are almost equal: .. is slightly greater than I v whereas cov (I u ) and cov ðI v Þare nearly the same.
This latter circumstance may be interpreted based on the remark that in the case of synoptic winds the residual turbulence derives from averaging the wind speed over a 10-min period, so it contains a relevant amount of low frequency harmonic content (Section 3). In the case of thunderstorm outflows (Sections 4 and 5) the use of a mobile mean wind speed with an averaging period T ¼ 30 s elides the low frequency harmonic content and limits it, indicatively, to the inertial sub-range, where turbulence is locally isotropic.
In order to investigate the dependence of the mean value of the turbulence intensity of thunderstorm outflows on the height h AGL and on the roughness length z 0 , (Xu and Hangan, 2008; Lombardo et al., 2014) , Fig. 16 shows I U , I u and I v as a function of h/z 0 . Here, the z 0 values have been evaluated as described by Solari et al. (2015a) , referring to neutral synoptic wind velocity profiles in equilibrium with the local topography and the upwind roughness features (Engineering Sciences Data Unit, 1993; Castino et al., 2003; Burlando et al., 2013) . The solid and dashed lines correspond, respectively, to the expressions I u ¼ 1/ln (h/z 0 ) and I v ¼ 0.75I u commonly used for synoptic events and neutral conditions (Solari and Piccardo, 2001) . It is worth noting, however, that these expressions are calibrated to fluctuations related to 10-min mean wind velocities whereas in Fig. 16 the fluctuations correspond to a mean wind velocity extracted through a moving average period T ¼ 30 s. This is the main reason why turbulence intensity values related to thunderstorms are generally lower than these reference curves. It is also worth noting that I U , I u and I v exhibit similar values (Table 3) and trends characterised by a moderate decrease on increasing h/z 0 ; this trend was not present in Solari et al. (2015a) and only slightly evident in Zhang et al. (2018a) ; it is possible that the improved quality of the dataset and the removal of abnormally large values of the turbulence intensity reveal now a property that was, initially, not or slightly appreciable. Fig. 17 shows that I U , I u and I v don't exhibit any relevant dependence on the maximum value of the slowly-varying mean wind velocity. Fig. 18 shows the ensemble average (a) and the cov (b) values of μ U ðtÞ; μ u ðtÞ and μ v ðtÞ. The diagrams related to μ U ðtÞ and μ u ðtÞ are almost perfectly overlapped; those corresponding to μ v ðtÞ shows limited detachments from the previous ones; all in all they are weakly dependent on time, with the exception of a small around of t ¼ 300 s where μ U ðtÞ and μ u ðtÞare significantly greater than 1. Thus, they may be reasonably regarded as sample functions of a stationary process. As already noted by Zhang et al. (2018a) for the classical decomposition rule, also for the new directional one the probability density function (PDF) f of μ U ðtÞ; μ u ðtÞand μ v ðtÞ are non-Gaussian. Fig. 19 elucidates this property by comparing the PDF of these quantities with reference Gaussian PDFs with the same mean and cov values. Table 4 strengthens this remark by showing the mean value (Mean) and the standard deviation (Std) of the mean (m), standard deviation (σ), skewness (γ) and kurtosis (κ) of μ U , μ u and μ v : the detachment of the skewness and kurtosis values from 0 to 3, respectively, is apparent. deviation. The analysis of an enlarged dataset of thunderstorm outflows (Zhang et al., 2018a) confirmed this remark. The application of the novel directional decomposition rule to a refined dataset of events shows that the above property can be extended to the longitudinal and lateral reduced turbulence componentsũ' andṽ' (Fig. 20 and Table 5 ). In addition, likewise for synoptic winds, Table 6 shows that the longitudinal and lateral reduced turbulence components are, to a very good extent, un-correlated.
Integral length scale
The integral length scale and the power spectral density (PSD) of the longitudinal and lateral reduced turbulence components,ũ ' andṽ ' , are determined here for a highly controlled sub-set of 74 thunderstorm outflow records including an extremely low number of missing values; in the few points in which the time-histories are interrupted, their continuity is recovered through linear interpolation. Table 7 shows the mean value and the cov of the integral length scales L U , L u and L v ofŨ ' ,ũ ' andṽ' as detected by each anemometer and the whole network. Their time scales T U , T u and T v have been first estimated by integrating the normalized auto-correlation functions from 0 until the time lag for which their values drop to 0.05 (Flay and Stevenson, 1988) ; the integral length scales are then determined by means of the Taylor's hypothesis:
In terms of ensemble mean values, hL U i ¼ 26.78 m is similar to hL u i ¼ 25.66 m, which is slightly greater than hL v i ¼ 20.83 m. In terms of spread, covðL U Þ ¼ 0.23 is similar to covðL u Þ ¼ 0.24, which is slightly smaller than covðL v Þ ¼ 0.29. Fig. 21 shows that L U , L u and L v do not exhibit any significant dependence on h=z 0 . Fig. 22 shows that L U , L u and L v increase on increasing the maximum value of the slowly-varying mean wind velocity. This result matches with the one provided by Engineering Sciences Data Unit (1993) for synoptic winds and neutral atmospheric conditions.
Power spectral density
Approaching the thunderstorm outflow decomposition by means of the classical rule, Zhang et al. (2018a) On the one hand they confirm the reliability of the parameterization adopted here and by Zhang et al. (2018a Zhang et al. (2018a) , Fig. 26 shows that both gust factors do not exhibit any clear correlation with h=z 0 . Fig. 27 shows that the same quantities slightly decrease on increasing the maximum value of the slowly-varying mean wind velocity.
Conclusions and prospects
This paper proposes a novel decomposition rule of the horizontal component of the wind speed that can be used to analyse measured records and to develop analytical models. Likewise for synoptic winds, but diversely from the tradition in thunderstorm outflows, this rule takes explicitly into account the wind direction and decouples the turbulent fluctuations into longitudinal and lateral components. On the contrary, likewise for the methods classically applied to thunderstorm outflows, but diversely from the tradition in synoptic winds, this rule extract the mean wind velocity through a running-mean operator with a moving average period (here T ¼ 30 s) shorter than the full length of the record (here ΔT ¼ 10 min). Nevertheless, assuming T ¼ ΔT, the slowly-varying time-histories extracted by this procedure (i.e. the mean wind velocity, the standard deviation and the turbulence intensity) identify themselves with the constant values classically used for synoptic wind speeds. Under these viewpoints the new decomposition rule applies to both synoptic winds and thunderstorm outflows, contains the classical decomposition rule for synoptic winds as a particular case, provides a substantial generalisation of the decomposition rule classically applied to thunderstorm outflows.
A dominant property of the new decomposition rule is that it neither cancels nor distorts the knowledge acquired so far with regard to thunderstorms outflows, but extends the information relating thereto. More precisely, this paper proves that the properties classically extracted from thunderstorm outflows with reference to the resultant wind speednamely the slowly varying mean wind velocity, the turbulence intensity and its modulation, the reduced turbulent fluctuations, the integral length scales and the power spectral density, and the gust factor -are very close to the ones obtained through the new rule with reference to the longitudinal component of the wind speed. On the other hand the new rule furnishes a thorough information, usually disregarded when adopting the classical decomposition rule, with reference to the slowlyvarying mean wind direction and the lateral turbulence component. It is very worth noting that the properties of the lateral turbulence component of the thunderstorm outflows -i.e. its turbulence intensity and its modulation, the reduced turbulent fluctuations, the integral length scale and the power spectral density -are very similar to the analogous quantities that characterize the longitudinal turbulence component and, for the transitive property, to those that characterize the turbulence classically analysed without decoupling its components. Also, the longitudinal and lateral turbulence components are nearly uncorrelated. These properties derive from the use of a mobile mean wind speed with an averaging period T ¼ 30 s: it transfers the low frequency harmonic content to the slowly-varying mean wind velocity and limits the high-frequency harmonic content, indicatively, to the inertial sub-range, where turbulence is locally isotropic or quasi-isotropic.
The novel directional decomposition rule of the wind speed discloses several research prospects in many different fields. First, it creates a common background to model and to analyse the wind speed of both synoptic events and thunderstorm outflows. It represents a fundamental step forward towards implementing thunderstorm models adhering to the reality of these complex phenomena. A clear evaluation of the direction shift of the thunderstorm outflows is fundamental to recognize the travelling nature of the downbursts, to reconstruct their evolution and to clarify the crucial role of the intensification of the wind speed due to the translation of the thunderstorm cell. The decoupling of the longitudinal and lateral turbulence components also for thunderstorm outflows is crucial to inspect the dynamic behaviour of structures in terms of alongwind and crosswind response. The explicit extraction of the slowlyvarying mean wind direction opens the doors to take into account the evolution of the angle of attack of the wind speed in the course of transient wind events; this may be crucial for problems dominated by aerodynamic and aeroelastic features.
Independently of these research prospects concerning the novel decomposition rule, authors wish to point out three key issues that go beyond this specific topic: 1) the interaction between the downburst and the background flow, and the possibility of separating their effects; 2) the role of the terrain roughness, especially close to the ground; and, 3) the shape of the slowly-varying mean wind velocity profile and direction, with special regard to its evolution on time. Several tasks of the Fig. 26 . Gust factor as a function of h=z 0 : (a) G U ; (b) G u . THUNDERR Project are aimed at clarifying these aspects. The new decomposition rule proposed herein is a robust and helpful tool to pursue these objectives.
